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20. Abstract

Tetrahym ena pyriformis, a ciliate protozoan, has been used to study
the mechanism of action of the antimalarial drug, primaquine. These
studies have been performed using both intact T. pyriformis and several
subcellular fractions and organelles from this organism. In vivo studies
were utilized to determine the effects of the drug on the uptake and
incorporation of macromolecular precursors by the cells. The in vitro
preparations made it possible to study the effects of the drug on in
vitro protein synthesis, nucleic acid synthesis in vitro and in isolated

nuclei, in vitro lipid synthesis, andmembrane transport and permeability.
In addition, a procedure was developed to differentiate DNA and RNA on
filter paper discs.

Studies were also performed on a primaquine-resistant strain of
T. pyriformis. The studies completed were the initial characterization
of the strain.
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Abstract

Tetrahymena pyriformis, a ciliate protozoan, has been used to study
the mechanism of action of the antimalarial drug, primaquine. These studies
have been performed using both intact T. pyriformis and several subcellular
fractions and organelles from this organism. In vivo studies were utilized
to determine the effects of the drug on the uptake and incorporation of
macromolecular precursors by the cells. The in vitro preparations made it
possible to study the effects of the drug on in vitro protein synthesis,
nucleic acid synthesis in vitro and in isolated nuclei, in vitro lipid
synthesis, and membrane transport and permeability. In addition, a
procedure was developed to differentiate DNA and RNA on filter paper discs.

Studies were also performed on a primaquine-resistant strain of T.
pyriformis. The studies completed were the initial characterization of
the strain.
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I. The effects of primaquine on the uptake and incorporation of macro-
molecular precursors by synchronized Tetrahymena pyriformis:

A. Introduction and Results: In order to determine the optimal
concentrations of primaquine for studying precursor uptake and
incorporation, a dose-response for inhibition of cell division
was first determined. Table 1 shows the effects of primaquine
on synchronized cell division in T. pyriformis. Division
normally occurs approximately 80 min after the end of the
synchronizing heat treatment (EHT); however, in this experiment
cell counts were made at EHT plus 120 min. in order to distinguish
blockade of cell division from a delay in cell division. Primaquine
produced 89% inhibition at a concentration of 2.7 x 10- 4M, and
this drug level was used in all subsequent experiments. Complete
inhibition of cell division was observed with double the above
concentration, whereas two-thirds that level of primaquine produced
approximately one-half the inhibition.

Primaquine was then examined to determine its effects on
the uptake and incorporation of 14C-thymidine, 14C-uridine, and
14C-amino acids. Figure 1 illustrates the effects of primaquine
and nalidixic acid, a known inhibitor of DNA synthesis (1), on
thymidine incorporation. Primaquine markedly inhibited this
process (67.9%) during the 80 min. period after EHT, with
essentially no incorporation of thymidine occurring after 40 min.
of incubation. Nalidixic acid inhibited DNA synthesis 51.7%.
Table 2 compares the effects of primaquine and nalidixic acid at
80 min. after EIT on uptake and incorporation of thymidine. Both
uptake and incorporation were blocked by nalidixic acid; however,
the inhibition of incorporation (51.7%) was considerably greater
than the inhibition of uptake (33.2%). Primaquine was observed to
markedly inhibit uptake (61.6%) as well as incorporation (67.9%).

Figure 2 illustrates the effect of primaquine and actinomycin
D, an inhibitor of DNA directed RNA synthesis (2), on the
incorporation of uridine. Both drugs produced a marked inhibition.
Table 3 compares the effect of the drugs at 80 min. after EHT on
uptake and incorporation of uridine. Actinomycin D markedly
inhibited incorporation (85.4%) while showing considerably less
inhibitory effect on uptake (42.6%). Primaquine markedly
inhibited both uptake (82.5%) and incorporation (87.5%).

Figure 3 illustrates the effect of primaquine and cycloheximide,
a known inhibitor of protein synthesis (3), on the incorporation of
amino acids. Both drugs inhibited amino acid incorporation, the
greater effect being observed with cycloheximide. The comparison of
uptake and incorporation at 80 min. after EHT is shown in Table 4.
Cycloheximide was observed to inhibit incorporation (95.5%) to a
much greater degree than uptake (48.9Z) of amino acids, whereas
there was no significant (P>0.05) difference between uptake (57.8%)
and incorporation (57.7%) in cells treated with primaquine.
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To investigate more accurately the effects of primaquine on
the uptake of macromolecular precursors, it was necessary to block
the synthesis of any one macromolecule, and then examine the effect
of the drug on the uptake of the appropriate precursor. In this
way it was possible to examine the effect of primaquin on the
uptake of precursors (14C-thymidine, 1 4C-uridine, and 4C-amino
acids) independently of incorporation. Figure 4 illustrates the
effect of primaquine on the uptake of thymidine. This experiment
was performed by incubating the cells with nalidixic acid for the
first 20 min. following EIT. This effectively blocked DNA synthesis
for the remainder of the experiment (less than 10% of the thymidine
taken up was incorporated) but still allowed considerable uptake of
thymidine (Table 5). Samples were then assayed for uptake of
thymidine from EHT plus 20 min until the time that synchronized
cell division normally occurs (EhT plus 80 min.). Primaquine
slightly inhibited uptake for the first 30 min., followed by an
efflux of the precursors that had entered. At 60 min., the degree
of inhibition was 69.2%. During this experiment, primaquine did
not significantly change the amount of thymidine incorporation as
compared with the control (nalidixic acid only).

Figure 5 illustrates an experiment similar to the above,
except that the uptake of uridine was studied. In this experiment,
RNA synthesis was blocked (less than 10% of the uridine taken up
was incorporated -- Table 5) by incubating the cells with
actinomycin D for the first 20 min. following EHT. During the next
60 min., primaquine markedly inhibited uridine uptake (66.5%).
Again, primaquine did not significantly alter the residual precursor
incorporation as compared with the control (actinomycin D only).

Figure 6 illustrates the effects of primaquine on uptake of
amino acids by cell cultures in which protein synthesis had been
blocked with cycloheximide (approximately 5Z of the amino acids
taken up were incorporated -- Table 5). Primaquine was observed
to inhibit amino acid uptake (26.8%) without significantly
inhibiting the residual amino acid incorporation.

B. Discussion: Primaquine was found to inhibit the incorporation of
precursors into DNA, RNA, and protein (Figures 1-3). These results
could be explained by inhibition of uptake of the macromolecular
precursors, and this was studied by two means. The first was by
comparing uptake and incorporation of precursors in the presence of
primaquine, and these values were compared to those observed with a
known inhibitor of synthesis. The second procedure was to determine
the effect of primaquine on uptake of precursors while incorporation
was blocked with the known inhibitors. This procedure made it
possible to examine precursor uptake under conditions where they
could not be utilized, since utilization (incorporation) alone
should affect uptake by allowing replenishment of the intracellular
precursor pools with exogenous precursors.
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Nalidixic acid was found to inhibit incoporation of
14C-thymidine to a considerably greater degree than uptake
(Table 2). Since this compound directly inhibits DNA synthesis,
it appears that a drug with this as the primary action will
inhibit the uptake of thymidine much less than its incorporation.
The inhibition of uptake which is observed with nalidixic acid,
however, would be expected since inhibition of precursor
utilization (i.e., DNA synthesis) from the intracellular pool
should also block replenishment of the pool with exogenous precursors.
Primaquine, however, produced more inhibition of uptake than did
nalidixic acid, and in this case the inhibition was nearly the same
as the inhibition of incorporation. Therefore, precursor
incorporation appears to be limited by uptake in the presence of
primaquine, and this indicates that inhibition of precursor uptake
is one of the actions of this drug. To investigate this possibility
further, the effect of primaquine on thymidine uptake was
determined with cells in which DNA synthesis was blocked with
nalidixic acid.These results (Figure 4) substantiate this conclusion
since inhibition of uptake was observed.

The effect of actinomycin D on uptake and incorporation of
14C-uridine was that which would be expected of a compound that
directly inhibits RNA synthesis, incorporation being inhibited to
a much greater extent than uptake (Table 3). Similar reasoning
to that described for inhibition of thymidine uptake by nalidixic
acid would apply to the inhibition of uridine uptake by actinomycin
D. The effects of primaquine on uptake and incorporation of thymidine,
thus indicating an inhibitory effect on precursor uptake. This
action was substantiated by showing that primaquine produced a
marked inhibition of uridine uptake by cells in which RNA synthesis
was blocked (Figure 5).

The results illustrating the effects of primaquine on the
uptake of thymidine and uridine in the absence of macromolecular
synthesis (Figures 4 and 5) show a lag before the maximum inhibitory
effects of this drug are observed. In Figure 5, a plateau is observed
after 20 to 30 min. of incubation with primaquine. The time which
it takes to attain this plateau may represent the time required for
the drug to reach effective inhibitory levels at its site of action,
which may be the precursor transport mechanisms. The efflux of
thymidine from cells treated with primaquine (Figure 4) probably
reflects an inability of the cells to maintain their intracellular
pools of this precursor, and the lag of 30 to 45 min. before this
effect is observed may also represent the time required for the
drug to reach an effective concentration at its site of action.

Cycloheximide was shown to inhibit incorporation to a much
greater extent than uptake of amino acids (Table 4), a result which
would be expected of a compound which directly inhibits Protein
synthesis. With primaquine, however, if the percentage inhibition
of incorporation was compared with that of uptake, no significant
difference was observed (P>0.05). The results presented in Figure 6



r 7

demonstrate inhibition of amino acid uptake by primaquine, -'d
this substantiates the conclusion that one of the effects ot his
drug is inhibition of amino acid uptake.

C. Conclusion: The results presented above indicate that primaquine
inhibits uptake of thymidine, uridine, and amino acids, and this
appears to be one of the mechanisms of this drug for blocking
incorporation of the precursors into DNA, RNA, and protein res-
pectively.

II. The effects of primaquine on in vitro protein synthesis:

A. Results: The effects of primaquine were studied in a crude cell-
free protein synthesizing system isolated from Tetrahymena
pyriformis. The cell-free system has previously been characterized
in our laboratories (4). The concentrations of primaquine used
were those which inhibited cell division 89% (2.7 x 10-414) and 100%
(5.4 x 10-4M). The lower drug concentration inhibited in vitro
protein synthesis 4%, while the level which completely blocks cell
division produced only 6% inhibition.

Another possible loci for inhibition of protein synthesis
in vivo would be at the level of the transfer RNA (tRNA) methylases.
These enzymes have been shown to control the rate of protein
synthesis by altering the functional capacity of the tRNA (5,6).
Preliminary work has shown that these enzymes do exist in Tetrahymena,
and we have also partially characterized the enzymes. The tRNA
methylases were prepared from extracts of Tetrahymena pyriformis GL
by precipitation at pH 5.0. The enzyme activity of exponential cells
were not inhibited by nicotinamide (Table 6), a known inhibitor of
tRNA methylases of rat tissues (7). The supernatant from the cell
extract after enzyme precipitation, however, did inhibit the methylase I
activity. Km values calculated from reciprocal plots were 1.0 x 10-5M
for tRNA (Figure 7).

B. Discussion and conclusion: Our initial results with in vitro protein
synthesis indicate that primaquine does not have a direct inhibitory
effect on this process. This supports the suggestion that the effect
of primaquine on amino acid incorporation in vivo is due to inhibition
of amino acid uptake by the cells, and not due to a direct inhibitory
effect on the biosynthetic pathway.

III. The effects of primaquine on nucleic acid synthesis in isolated nuclei:

A. Results: Isolated nuclei (8) from Tetrahymena were first characterized
as to requirements for DNA synthesis (Table 7). RNA synthesis has
previously been characterized by Lee and Scherbaum (9), and similar
requirements for this biosynthetic pathway in isolated nuclei were
observed by us (Table 8). The effects of primaquine on DNA and RNA
syntheses were studied at 3 drug concentrations: 2.7 x 10-41 (89%
inhibition of cell division); 5.4 x 10-4M (100% inhibition of cell
division); and 2.7 x 10-3 N. Results are shown in Tables 9 and 10.
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DNA and RNA syntheses were only slightly inhibited (18% and 7%
respectively) at the lowest drug concentration studied, whereas
double that concentration produced 26% and 14% inhibition. The
highest concentration markedly inhibited both DNA (90%) and RNA
(51%) syntheses.

B. Discussion and conclusions: These results show that concentrations
of primaquine which markedly inhibit cell division and incorporation
of precursors into DNA and RNA in vivo (2.7 and 5.4 x 10-4M) have
only a slight inhibitory effect on DNA and RNA syntheses in vitro.
Therefore, these results substantiate the findings above, that the
effect on incorporation of nucleic acid precursors in vivo is due
to inhibition of precursor uptake.

IV. The effects of primaquine on DNA and RNA syntheses by solubilized
polymerases:

A. Introduction: The above studies (Part I) demonstrated that
primaquine blocks the incorporation of nucleic acid precursors
(thymidine for DNA, uridine for RNA) by intact cells. However,
if nucleic acid synthesis of the cells was blocked by known inhi-
bitors (nalidixic acid for DNA, actinomycin D for RNA), it was
observed that primaquine blocked the uptake of the precursors by
the cells. These results indicated that inhibition of precursor
uptake could account for the inhibition of incorporation. Further
studies (Part II) revealed that primaquine, at concentrations
which markedly inhibited precursor incorporation by intact cells,
had relatively little inhibitory effect on nucleic acid synthesis
in nuclei. These results supported the hypothesis that the primary
effect of the drug on intact cells was inhibition of precursor
uptake, and not direct inhibition of precursor incorporation. To
further investigate the direct effects of primaquine on DNA and RNA
syntheses, the respective nucleic acid polymerases were isolated
from nuclei.

B. Materials and Methods: Solubilized DNA and RNA polymerases were
prepared from nuclei which were isolated by the procedure of
Lee and Scherbaum (8). Nuclei from 8 ml of packed cells were
suspended in 2 ml of a buffer containing 0.1 M Tris-HCl (pH 7.9),
3 mM MgCI2, 10 mM mercaptoethanol, 0.6 mM EDTA, and 30% (v/v)
glycerol (TMG buffer). The nuclei were lysed by addition of
NaCl and KC1 (concentrated solutions) to final concentrations of
0.15 M each. The lysate was centrifuged at 105,000 x y for 1 hr
at OOC. The supernatant was chromatographed on a Sephadex G-100
column (2 x 35 cm) which had been equilibrated with TMG buffer.
The enzymes were eluted with TMG buffer and peak fractions were
pooled. The RNA polymerase reaction mixture (0.25 ml) contained
0.5 mM ATP, 0.05 MM GTP and CTP, 0.5 VCi (5-3H)-UTP (17.8 pCi/mmole),
50 mM Tris-HCl (pH 7.9), 1.5 mM MgCl2, 1 mM MnC12, 5 mM
mercaptoethanol, 0.3 mM EDTA, 15% (v3v) glycerol, 1-3 'g protein
(enzyme) as determined by the procedure of Lowry et al. (10), and
50 Ug native calf thymus DNA. The DNA polymerase, reaction mixture
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(0.25 ml) contained 0.5 mM ATP, 0.05 mM dATP, dCTP, and dGTP,
2.5 .Ci (methyl-3H)-TTP (11.1 UCi/mmole), 25 mM KC1, 50 mM Tris-
HCI (pH 7.9), 1.5 mM MgC12, 5 mM mercaptoethanol, 0.3 mM EDTA,
15% (v/v) glycerol, 1-3 Pg protein (enzyme), and 50 ug native
calf thymus DNA. Both assays were incubated for 60 min at 280C,
and precursor incorporation was determined by the procedure of
Byfield and Scherbaum (11).

C. Results: Figure 8 shows the Sephadex G-100 elution pattern for
the supernatant of the disrupted nuclei which had been centrifuged
for 1 hr at 105,000 x . The first peak, which was within the
void volume of the column, contained both the DNA and-RNA poly-
merase activities. Both activities were proportionally similar
within the peak. The four fractions containing the most activity
were pooled for enzyme characterization and drug testing
(fractions 15-18 in Fig. 8).

Tables 11 and 12, respectively, give the requirements for the
DNA and RNA polymerase reactions by the solubilized enzymes, and
Figure 9 illustrates the time course for both reactions. Maximum
DNA synthesis was dependent upon ATP, dATP, dGTP, dCTP, KC1, and
native DNA, since omission of any component or replacement of the
native DNA with an equal amount of heat-denatured DNA decreased
precursor incorporation. These results are consistent with a
DNA-dependent DNA polymerase reaction (DNA replication), and are
similar to those described by Pearlman and Westergaard (12)
except that they observed more activity with denatured DNA than
with native DNA. The RNA synthesis reaction by the solubilized
enzyme required ATP, GTP, CTP, and Mn+ for maximum activity,
and in contrast to the work of Kurtz and Pearlman (13), more
activity was observed with native than with denatured DNA.
Actinomycin D was observed to inhibit RNA synthesis by 61% at
16 piM and 24% at 1.5 pM, and this effect is similar to that
observed with Tetrahymena pyriformis in vivo (14). These results
are consistent with a DNA-dependent RNA polymerase reaction. The
rate of both reactions was observed to progressively decrease with
time over a 180 min. period (Figure 9).

Figure 10 illustrates the dose-response of the DNA and RNA
polymerase reactions to primaquine, and Table 13 shows in more
detail the effects of the drug at the concentrations which produce
90% inhibition (lower dose) and 100% inhibition of cell division
in synchronized T. pyriformis. The ED5 0 values for inhibition of
DNA and RNA syntheses by primaquine were 5.2 mM and 2.2 mnM; however,
the drug had little inhibitory effect on DNA synthesis at the
concentrations which block cell divisi6n (Table 13).

D. Discussion: At the concentrations which block cell division in
T. pyriformis (Table 13), the inhibitory effect of primaquine on
DNA and RNA syntheses by the solubilized polymerases was considerably
less than the inhibition of thymidine and uridine incorporation into
nucleic acids by intact cells (Part I). At the lower drug
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concentration, which inhibits precursor incorporation by 67.9% (DNA)
and 87.5% (RNA) in intact cells, primaquine produced zero (DNA) and
22% (RNA) inhibition of the solubilized polymerase reactions. The
higher drug concentrations produced only slightly greater inhibition
of the RNA synthesis reaction. Although it ib not known for certain
whether the same enzyme is responsible for DNA synthesis in vivo and
in vitro, or whether the in vitro reaction is measuring DNA
replication or repair, these results indicate that primaquine may
not inhibit nucleic acid synthesis. Therefore, the drug may possess
another mechanism for blocking precursor incoporation by T. pyriformis
in vivo, for example, inhibition of precursor uptake. Further
support of this hypothesis are the observations that primaquine is
not an effective inhibitor of nucleic acid synthesis in nuclei of
T. pyriformis (Part III) that this drug binds only poorly to DNA
(15), and that primaquine is a specific inhibitor not of nucleic
acid but of protein biosynthesis in Bacillus megaterium (16).

V. The effects of primaquine on in vitro lipid synthesis:

A. Introduction: The results of the above in vivo and in vitro studies
have indicated that one of the actions of primaquine is inhibition
of precursor uptake, which may be due to alteration of membrane
transport. Since lipids are an integral part of membranes of cells
and cell organelles, it is possible that inhibition of growth,
division, and membrane transport of T. pyriformis by primaquine
could be due to inhibition of lipid synthesis.

B. Effects of primaquine on lipid synthesis in the crude homogenate:

1. Materials and Methods

(a) Preparation of the crude homogenate for lipid synthesis:
T. pyriformis, strain GL, was grown and harvested as
described above. For experimental purposes two day old
cultures were used to inoculate 200 ml of the proteose-
peptone-liver extract (PPL) medium. Cultures were incubated
for 12-18 hours at 290C. The cells were harvested when
the population reached approximately 200,000 per ml, washed
twice in 0.5% NaCl, resuspended in 10 ml of a buffer
containing 0.1 M phosphate buffer, (pH 7.2), 0.25 H sucrose,
and 5 mM mercaptoethanol, and the cells disrupted by
homogenization in a tissue grinder with a teflon pestle.
The homogenate was centrifuged at 250 x & for 5 min at 40C.
The pellet was discarded and the supernatant was removed
for assay. This preparation yielded a crude homogenate
with a protein content of approximately 2 mg/ml.

(b) Assay for cell-free lipid synthesis in the crude homogenate:
Assay for cell-free lipid synthesis was done using a 0.5
ml reaction mixture containing 375-750 ug protein (cell
homogenate) as determined by the procedure of Lowry et al.
(10), 0.1 M phosphate buffer (pH 7.2), 0.25 M sucrose,
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5 mM mercaptoethanol, 0.5 mM EDTA, 2.5 mM MgCl2,
5 mM ATP, 2.5 mM NADH, 0.75 mM coenzyme A and 0.5 1Ci

2-14C-acetate (25 PCi/mmole, Calatomic). The reaction

mixtures were incubated at 29
0C, and samples (0.1 ml)

were taken in duplicate at 0 and 60 min. The samples

were placed on 2.3 cm filter paper discs and the discs

processed by the procedure of Byfield et al. (17) to

determine incorporation of acetate into lipids.

(c) Isolation of lipids: Lipids were isolated from the
reaction mixtures after 60 min. of incubation by
extraction with chloroform:methanol (2:1 v/v) according
to the method of Bligh and Dyer (18). Extracted lipids
were washed overnight by the method of Folch et al. (19).
Classes of lipids were separated and identified on
Silica Gel G thin layer plates by developing with a solvent
system containing petroleum ether : diethyl-ether : acetic
acid (75:25:1 v/v). Phospholipids were separated by
developing with a solvent system containing chloroform
acetic acid : methanol : water (75:25:5:2.2 v/v). After
developing the plates, the spots were located by exposure
to iodine vapors, the stained areas carefully circled with
a lead pencil, and following sublimation of the iodine,
the spots were scraped directly into scintillation vials.
The radioactivity present on each spot was then determined
by measurement in a Beckman liquid scintillation counter,
model LS 150, using a PPO-toluene (5g/1) scintillation
fluid.

2. Results:

(a) Requirements for incorporation of acetate into lipids:
Table 14 shows the requirements for lipid synthesis by
the crude homogenate. The complete reaction mixture
incorporated 4620 CPM/100 g protein. Omission of ATP
nearly abolished the activity (only 1% remaining), and
omission of NADH reduced the activity to 39Z of the
complete system. When coenzyme A was eliminated the
relative incorporation of 14C-acetate was reduced to 56%
and when Mg++ was omitted the relative incorporation was
65%. Addition of NADPH inhibited lipid synthesis by this
cell-free system at 2.5 and 10 mM. Figure 11 illustrates
the time course of lipid synthesis by the crude homogenate.
Incorporation of acetate was nearly maximal after 60 min.

(b) Effect of primaquine on lipid synthesis by the crude
homogenate: Table 15 shows the effects of primaquine on
lipid synthesis by this system. The two intermediate
doses tested were those that normally inhibit division
of synchronized c~lls by approximately 80% and 100%.
Primaquine produced significant inhibitory effects
(p <0.01) at all concentrations tested.



12

(c) Characterization of the lipids synthesized by the crude
homogenate: The relative amounts of the classes of lipids
produced, as determined by thin layer chromatography, are
3.8% triglycerides, 24.7% free fatty acids (FFA), 63.2%
phospholipids and 8.3% tetrahymenol (Table 16). Of the
phospholipids synthesized, cardiolipin amoumtto 82.3%,
ethanolamine phosphatides,8.9%; choline phosphatides, 4.8%,
and 2-aminoethylphosphonoliplds/+.l% (Table 17). Tables 16
and 17 show the amounts of the individual classes of lipids
synthesized by the crude homogenate in the presence and
absence of primaquine. At 5.4 x 10-4M there was 41%
inhibition of acetate incorporation into neutral lipids
(triglycerides, FFA and tetrahymenol). The inhibition of
triglyceride synthesis (51%) was more prominent than
inhibition of FFA (42%) or tetrahymenol (31%) synthesis.

C. Effects of primaquine on lipid synthesis in the mitochondrial
fraction:

1. Materials and Methods

(a) Preparation ofthe mitochondrial fraction for lipid
synthesis: Mitochondria were prepared by a modification
of the procedure of Schwab-Stey et al. (20). Tetrahymena
pyriformis was grown, harvested, and washed as described
above for the preparation of the crude homogenate. The
washed cells were suspended in 10 ml of a buffer containing
0.1 M phosphate (pH 7.2), 0.3 M sucrose, and 10 M
mercaptoethanol (solution L), disrupted by homogenization
and centrifuged'at 1000 x . for 10 min. The supernatant
was then centrifuged at 7000 x I for 10 min. The pellet
was resuspended in 10 ml of a Ficoll solution containing
10 gm of Ficoll in 100 ml of solution L and centrifuged
at 1000 x & for 10 min. The supernatant containing mitochon-
dria was then washed twice in Ficoll by centrifugation at
7000 x & for 30 min. The final pellet containing a pure
mitochondrial preparation was suspended in 10 ml of solution
L. This preparation yielded a mitochondrial preparation
with a protein content of 1-1.5 mg/ml. The purity of this
preparation was then tested using enzyme markers as
indicators of possible contamination by other cell organelles.
Succinic dehydrogenase was used as an enzyme marker for the
presence of mitochondria, acid phosphatase for lysosomal
contamination, and isocitrate dehydrogenase for peroxisomal
contamination. Determinations for the activity of these
enzymes are as described by Levy, et al. (21).

(b) Assay for mitochondrial lipid synthesis: Assay for
mitochondrial lipid synthesis was done using a 0.5 ml
reaction mixture containing 200-400 ug of protein as
determined by the procedure of Lowry (10), 0.1 M phosphate
buffer (pH 7.2), 0.3 M sucrose. 10 mM mercaptoethanol,
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0.1 nmM EDTA, 2.5 mM MgC12, 10 mM ATP, 0.4 mM NADH, 0.4 mM
NADPH, 0.1 m4 CoA, and 0.05 pCi of 2-14C-acetate (25 pCi/
mmole, Calatomic). The reaction mixtures were incubated
at 290C, the optimal growth temperature for T. pyriformis,
and samples (0.1 ml) were taken in duplicate at 0 and 30
min. The samples were placed on filter paper discs and
assayed by the filter paper disc procedure as described
above.

(c) Isolation of lipids: Lipids synthesized by this
mitochondrial fraction were isolated and characterized
in a similar manner to that described for the crude
homogenate.

2. Results:

(a) Purity of the preparation: The relative activity of succinic
dehydrogenase, acid phosphatase and isocitrate dehydrogenase
were determined in the supernatants and pellets of the
preparative steps for the isolation of mitochondria from
T. pyriformis. Table 18 shows the relative activity in
percent of these three enzymes. The pellet after the first
7000 x & 10 min. centrifugation was taken as the crude
mitochondrial preparation. This pellet was suspended in
Ficoll and centrifuged at 1000 x &. The supernatant
contained 42% of the mitochondria, 11% of the lysosomes
and 26% of the peroxisomes. The final pellet contained
36% of the mitochondria, but only 5% and 3% of the lysosomes
and perixosomes respectively.

(b) Requirements for incorporation of acetate into lipids in
the mitochondria: Table 19 shows the requirements for
lipid synthesis in the mitochondrial fraction. The complete
reaction mixture incorporated 6350 CPM/100 pg protein.
Omission of ATP or CoA almost abolished the activity (3%
remaining for ATP, 4% for CoA). Both NADH and NADPH were
required for the system. Omission of NADH reduced the
activity to 35% and absence of NADPH reduced activity to
89%. Magnesium ions were also required (9% remaining in
its absence), but Mn++ was inhibitory to the system at
2.5 and 5.0 mM. Fig. 12 shows the time course of lipid
synthesis by this mitochondrial preparation. Linear
incorporation was observed for the first 30 min. and
maximum incorporation was attained after 60 min. of
incubation. Fig. 13 shows the optimal protein concentra-
tion for incorporation using the optimal conditions.
Linear incorporation was observed with increasing protein
concentration up to 600 pg per reaction mixture.

(c) Effect of primaquine on lipid synthesis in the mitochondrial
fraction: Table 20 shows the effects of primaquine on
in vitro lipid synthesis in the mitochondrial fraction. At
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2.7 x 10-4 M and 5.4 x 10-4M, doses which normally inhibit
synchronous cell division by 80% and 100%, lipid synthesis
was inhibited by 6.7% and 32% respectively. At 1.1 x 10-3M,
lipid synthesis was inhibited by 55.5%.

(d) Characterization of the lipids synthesized by the
mitochondrial fraction, and the effect by primaquine
on synthesis of the individual classes of lipids: Tables
21 and 22 show the percentages of the various classes of
lipids synthesized by this fraction in the presence and
absence of primaquine. The mitochondria produced 0.5%
triglycerides, 3% free fatty acids, 24% tetrahymenol and
73% phospholipids. Primaquine at 5.4 x 10-4M showed a
more prominent inhibition of neutral lipid synthesis (43%
versus 35% for phospholipids). Ethanolamine phosphatides
were the major phospholipids synthesized and all classes
of phospholipids were inhibited by primaquine.

D. Effect of primaquine on lipid synthesis in the microsomal fraction:

1. Materials and Methods

(a) Preparation of the microsomal fraction for lipid
synthesis: Tetrahymena pyriformis was grown to a population
of 200,000/ml in 1000 ml of PPL medium. The cells were
harvested, washed and homogenized as described above for
the preparation of the mitochondrial fraction. The pooled
supernatants from the 1000 x I centrifugation were then
centrifuged at 10,000 x & for 30 min, the pellet was
discarded and the microsomal fraction was sedimented by
centrifugation at 105,000 x & for 60 min. The final
microsomal pellet was suspended in 4 ml of solution L.
This preparation yielded a microsomal preparation with a
protein content of 3-4 mg/ml. The purity of this fraction
was tested using succinic dehydrogenase to determine
mitochondrial contamination.

(b) Assay for microsomal lipid synthesis: Assay was done
using a 0.5 ml reaction mixture containing 0.1 M
phosphate buffer (pH 7.2), 0.3 M sucrose, 10 mM
mercaptoethanol, 0.8 mM NADH 1.0 idi CoA, 10 mM ATP,
5 mM M ++ and 0.05 PCi of 2-14C-acetate (25 pCi/mmole,
Calatomic). The reaction tube was incubated at 290C
and samples (0.1 ml) were taken in duplicate at 0 and
30 min and assayed as described above.

(c) Lipids synthesized by this fraction were isolated and
characterized in a similar manner to that used for the
mitochondrial fraction.

. ... .. . .. ____ ____' ___ . . . , . . - .. . . . . "-.. . . . . . m . .. l .. . .tm . .
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2. Results

(a) Purity of the microsomal preparation: The pellets and
supernatants from the various steps of the preparative
procedure for the microsomal fraction were assayed for
succinic dehydrogenase activity (Table 23). The results
showed that most of the mitochondria were removed by
centrifugation at 1000 x I and 10,000 x &. Calculated
on the basis of succinic dehydrogenase activity, the
microsomal fraction contained 2% of the mitochondria
originally present.

(b) Requirements for the incorporation of acetate into lipids
into the microsomal fraction: Table 24 shows the
requirements for the incorporation of acetate into
lipids in the microsomal fraction. The complete reaction
mixture incorporated 990 CPM/100 ug protein. Omission
of ATP and CoA abolished the incorporation almost completely.
Omission of NADH and big++ reduced the activity to 22% and
39% respectively. NADPH, Mn4+ and EDTA were not required

by this fraction for the synthesis of lipids. Fig. 14
shows the time course for lipid synthesis in this fraction.
The rate of incorporation was linear up to 30 min. and
reached maximal incorporation at 60 min. Fig. 15 gives
the relationship of protein concentration to the incorpora-
tion of acetate into lipids. The optimal concentration of
protein per reaction mixture was between 200-600 ug per
reaction mixture.

(c) Effect of primaquine on the incorporation of acetate into
lipids in the microsomal fraction: Table 25 shows the
effects of primaquine on lipid synthesis in the microsomal
fraction at four different concentrations. At doses which
inhibit synchronous division by 80% and 100%, lipid synthesis
was inhibited by 29% and 40% respectively. At 1.1 x 10-3 M,
lipid synthesis was inhibited by 52%.

(d) Isolation and characterization of the classes of lipids
synthesized in the microsomal fraction and the effects of
primaquine at 5.4 x 10-4M: Tables 26 and 27 show that the
lipids synthesized by the microsomal fraction were primarily
free fatty acids (58% of total lipids), with 30% of the total
being phospholipids. Primaquine at 5.4 x 10-4M inhibited
the production of neutral lipids by 56% and of free fatty
acid by 55%. The synthesis of phospholipids was not
inhibited by primaquine in the microsomal preparation.
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E. Effect of primaquine on lipid synthesis in the soluble cell
fraction

1. Material and Methods

(a) Preparation of the soluble cell fraction for lipid
synthesis: The procedure for preparing the soluble
cell fraction was similar to that for the preparation
of the microsomal fraction. The supernatant after
the final centrifugation at 105,000 x y was used as
the soluble cell fraction. This preparation contained
a protein concentration of 7-10 mg/ml.

(b) Assay for the incorporation of acetate into lipids:
The assay was performed in a reaction mixture containing
0.1 M phosphate buffer (pH 7.2) 0.3 M sucrose, 10 mM
mercaptoethanol, 1 niM EDTA, 2 mM NADH, 2 mM NADPH,
0.4 mM CoA, 4 mM ATP, 4 mM Mn4+, 2 mM Mg& and 0.1 pCi
of 2-14C-acetate (25 pCi/mmole, Calatomic) in a total
volume of 0.5 ml. The amount of protein in each reaction
mixture was 1-2 mg. The reaction mixture was incubated
at 290C and samples (0.1 ml) were removed in duplicate
at 0 and 90 min. The samples were then assayed by the
filter paper disc procedure as described above.

2. Results

(a) Requirements for the incorporation of acetate into lipids
in the soluble cell fraction: Table 28 shows the requirements
for the incorporation of acetate into lipids by the soluble
cell fraction. This fraction required both NADH and NADPH
for optimal activity. Omission of either of these cofactors
reduced the incorporation to just 5%. Omission of ATP
reduced the activity to 1% and omission of CoA reduced
activity to 3%. Both Mn++ and Mg4+ were required by the
system for maximal synthesis of lipids. EDTA was also
required by this fraction. Fig. 16 shows the time course
for lipid synthesis in this fraction. Linear incorporation
was observed in the first 90 min and maximal incorporation
was attained at approximately 120 min. Fig. 17 shows that
the optimal protein concentration to use for each reaction
sample was between 1-2 mg.

(b) Effects of primaquine on the incorporation of acetate
into lipids in the soluble cell fraction: Table 20 shows
that primaquine at 2.7 x 10-4M and 5.4 x 10-4M inhibited
lipid synthesis by 42.8 and 62.5% respectively. At 1.1 x
10- 3 M, lipid synthesis was inhibited by 85.2%.

(c) Isolation and characterization of products synthesized in
the soluble cell fraction. Tables 30 and 31 show that the
neutral lipids synthesized in the soluble cell fraction were
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5% triglycerides, 28% FFA, and 34% tetrahymenol. Of the
phospholipids synthesized, 44% were ethanolamine
phosphatides, 23% cholinb phosphatides and 33Z 2-amino-
ethylphosphonolipidsPrimaquine at 5.4 x 10-4 M showed a
72% inhibition of neutral lipid synthesized,FFA was
inhibited by 87%, tetrahymenol by 60% and triglycerides
by 63%.

F. Discussion: Subcellular fractions from T. pyriformis have been
prepared and characterized for lipid synthesis using 4 C-acetate
as a precursor for the synthesis of lipids. The classes of lipids
synthesized were identified using thin layer chromatography. In
our characterization procedure we did not attempt to identify the
different fatty acids that were synthesized. However, we did show
that all classes of lipids are synthesized by the various subcellular
fraction, and the percentage of the various classes of lipids
synthesized vary with the fraction studied. The mitochondrial
fraction synthesized more phospholipids than either the microsomal
or the soluble cell fraction (76% phospholipids for the mitochondrial
fraction vs. 30% for the microsomal, and 34% for the soluble cell
fraction). However, free fatty acid synthesis is more active in
the microsomal and soluble cell fractions. Tetrahymenol, a
triterpenoid synthesized exclusively in T. pyriformis is known to
be a cholesterol replacement in this organism (22) and this
compound is more actively synthesized in the soluble cell fraction.

The effect of primaquine at doses of 1.1 x 10-4 M, 2.7 x 10 -4M,
5.4 x 10-4M and 1.1 x 10-3M were studied on the crude homogenate as
well as on each of the three subcellular fractions. The results
demonstrated that primaquine has a potent inhibitory effect on
lipid synthesis. However, the degree of inhibition differed
considerably between fractions. This may be due in part to the fact
that the products synthesized by these various fractions were
different, and that primaquine consistently inhibited neutral lipid
synthesis to a greater extent than phospholipid synthesis.

These results show that primaquine, at doses which inhibit cell
division and growth, has a potent inhibitory effect on the synthesis
of lipids, primary neutral lipids. This effect of primaquine on
the synthesis of lipids may contribute to the inhibition of growth
and division of this organism.

VI. The effects of primaquine on membrane transport and membrane permeability
in T. pyriformis as studies with 14C-amino acids:

A. Introduction: Our results using intact cells (Part I), isolated
nuclei (Part III), solubilized nucleic acid polymerases (Part IV)
and a cell-free protein synthesizing system (Part II) have indicated
that primaquine inhibits the incorporation of precursors for DNA,
RNA, and protein by inhibition of precursor uptake by intact cells,
and not by direct inhibition of macromolecular synthesis. Two
possible mechanisms could explain these results. First, primaquine
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could block the active transport of the precursors into the cell,
and secondly, the drug could alter the permeability of the cell
membrane so that the cells are unable to maintain their intracellular
ool of precursors. Both mechanisms have been investigated using a
4C-amino acid mixture (our precursors for measuring protein

synthesis). The working hypothesis for investigating membrane
transport was to determine the effects of the drug on precursor
bindiag to membrane-bound transport proteins (23, 24). Membrane
permeability studies were designed to measure the loss of labeled
amino acids from intracellular pools, the pools being labeled
following complete inhibition of protein synthesis by cycloheximide.

B. Membrane transport studies

1. Methods and Results: Initial studies were designed to determine
the effects of primaquine on the binding of amino acids to cell
membrane preparations as a measure of the effect of the drug on
substrate binding to membrane transport proteins. T. pyriformis
were grown to a population of 200,000/ml, washed free of culture
medium, and resuspended in Ryley's phosphate buffer (25). To
10 ml of the cells was added 25 pCi of a 14C-amino acid mixture
(algal profile). Aliquots (1.0 ml) were removed at 0, , 1, 2,
5, 10, 15, and 30 min. and placed in 3.0 ml of cold ethanol.
The cells were sedimented by centrifugation and cell ghosts (cell
membrane preparations) were prepared by treatment with 3%
Lubrol W at 370C for 5 min. The ghosts were washed twice with
cold 0.5X NaCi and resuspended in this solution. One tenth ml
aliquots of the suspensions were placed on 2.3 cm filter paper
discs, dried, and counted by liquid scintillation spectrometry
to determine binding of amino acids to the cell membrane. The
results of these determinations, as well as the results of
parallel studies done in the presence of primaquine and
cycloheximide (a known inhibitor of protein synthesis - ref. 3),
are shown in Figure 18. The control samples showed a rapid
association of the 14C-amino acids with the cell ghosts.
Primaquine significantly reduced the amount of labeled amino
acids associated with the ghosts, and cycloheximide produced
a much greater reduction.

The marked reduction in membrane-associated amino acid by
cycloheximide indicated that the association may not be a
binding to membrane transport proteins, but, in fact, an actual
incorporation of the amino acids into membrane associated

proteins. To investigate this possibility, duplicate samples
of those described above were processed by the filter paper
disc procedure (11) to dete:mine incorporation of amino acids
into protein. The results (Figure 19) show that only 25% of
the 14C-amino acids of the control samples, and less than 10%
of those in the samples treated with primaquine and cycloheximide,
were incorporated into protein as measured by this procedure.
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Due to the equivocal results of the above experiments,
we next investigated binding by direct incubation of amino
acids with cell ghosts. The cell ghosts were prepared as
described above from cells which had been grown under standard
conditions the ghosts were then suspended in Ryley's buffer at
a concentration of 106 ghosts/ml. The ghosts were incubated
with 2.5 VCi/ml of the 14C-amino acid mixture, and samples
were taken at 0, 2, 5, and 10 min. Reactions were run in the
presence and absence of 5 mM ATP to investigate the possibility
of an energy-dependent binding. The samples were immediately
applied to millipore filters and thoroughly washed with 10
times the volume of Ryley's buffer. The millipore filters were
dried and counted by liquid scintillation spectrometry.
Neither reaction mixture showed significant binding of amino
acids to the cell ghosts.

2. Discussion: A possible explanation for the results presented
above is that the association of amino acids with the cell
ghosts, as shown by incubation of amino acids with intact
cells, represents incorporation of the precursors into membrane-
associated proteins via the classical protein synthesis mechanisms.
This is suggested by the marked inhibition of this reaction by
cycloheximide (Figure 18). However, when the samples were
processed by the filter paper disc procedure, only 25% of the
radioactivity in the control and less than 10% of radioactivity
in the drug treated samples were shown, to be incorporated into
proteins (Figure 19). These results could be interpreted in
two ways. First, all of the amino acids associated with the
ghosts may be incorporated into proteins and polypeptides which
are an integral part of the cell membrane. In this instance,
the explanation for the marked reduction in radioactivity after
processing by the filter paper disc procedure could be that a
large percentage of the polypeptides are small, and thus washed
from the discs during the washing procedure. Secondly, only a
portion of the counts are incorporated into protein and the
remainder are actually bound to the membrane, possibly in
association with membrane transport'-structures. Recent results
by other investigation (26) support the former hypothesis.

The results of incubation of amino acids with isolated ghosts
indicate that binding does not occur under these conditions.
A possible explanation is that the preparative procedure for
the ghosts, which involves exposure to substances which may
destroy secondary, tertiary, and quaternary structures of proteins
and/or transport structures, may abolish the binding capacity
of the transport systems for the amino acids.

C. Membrane permeability studies:

1. Methods and Results: T. pyriformis were grown to a population
of 100,000/ml, synchronized by a cyclic heat treatment washed,
and resuspended in Ryleyts buffer (25). Cycloheximide was
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added to the culture at a final concentration of 5 x 1O-611, a level
which inhibits protein synthesis by 95%. After a 10 min.
incubation period, 20 pCi of a 14C-amino acid mixture was added
to 20 ml of the cell suspension and the incubation was continued
for an additional 20 min. The cells were then washed with Ryley's
buffer and resuspended to the original volume with Ryley's
buffer containing 5 x 10-6 M cycloheximide. This procedure
effectively labeled the intracellular amino acid pool (1415 CPM/
0.1 ml cell suspension). Ten ml aliquots of the cell suspension
were pipetted into 50 ml Erlenmeyer flasks, one containing
primaquine at 2.7 x 10-4 M (the concentration which inhibits cell
division by 90%), and the other a control flask without drug.
At 10-15 min. intervals for 1 hr, 1.5 ml aliquots were removed
and the cells sedimented by centrifugation at 250 x & for 30 sec.
Samples of the supernatant (0.1 ml) were placed on 2.3 cm filter
paper discs, dried, and counted by liquid scintillation spectro-
metry. The amount of amino acids appearing in the supernatant
represents that which has diffused from the intracellular pool.
These results are shown in Figure 20. During the 60 min.
incubation period, the control sample was observed to release
50 CPM/0.1 ml of the cell suspension, or 3.5% of the intracellular
1 4C-amino acids. The samples treated with primaquine released
115 CPM/0.1 ml of the cell suspension, or 8.1% of the intra-
cellular 14C-amino acids. Samples were also taken at the
beginning and end of the 60 min. incubation period and processed
to determine incorporation of amino acids into macromolecules (11).
Neither the control nor the primaquine treated sample showed
significant incorporation.

2. Discussion: The results presented above indicate that primaquine
does not alter membrane permeability with resultant loss of
protein precursors from intracellular pools. There is, however,
a small loss of precursors from normal cells (3.5%), and although
the amount of loss is more than double in the presence of
primaquine (8.1%), this amount still represents only a very
small proportion of the intracellular pool. The results
demonstrating that the amino acids are not incorporated into
protein during the 60 min. incubation period indicate that
these precursors remain in the form of free amino acids. This
is due to the observation that incorporation into protein, or
even formation of amino acyl-transfer RNA, would be detected
as incorporation by the processing procedure (11).

VII. The effects of primaquine on membrane transport systems as studied with
amino acid and carbohydrate analogues:

1. Introduction: Alpha-ammnoisobutyric acid (AIB), the most widely
used amino acid analogue for transport studies, cycloleucine, an
amino acid which is not incorporated into protein (27), and
2-deoxyglucose, a non-metabolised sugar analogue (28), have been
used as non-metabolized substrates to study membrane transport
in the presence and absence of primaquine in T. pyriformis.
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2. Materials and Methods: Tetrahymena pyriformis was grown to a
population of 200,000 /ml in PPL medium, washed, and resuspended
in Ryley's buffer. The cells were incubated with 0.25 UCi/ml of
1 4C-labeled precursor and uptake was determined at intervals
between 0 and 120 min. by withdrawing 1.5 ml aliquots of the
cells, sedimenting the cells by centrifugation at 500 x & for
30 sec., and determining the disappearance of the labeled
substrates from the supernatant. This determination was done
by placing 0.1 ml samples of the supernatants on 2.3 cm filter
paper discs, drying the discs at 600 C, and counting the radio-
activity by liquid scintillation spectrometry. The effect of
primaquine at 5.4 x 10-4 M on the uptake of these non-metabolized
precursors was compared with control cells.

3. Results: We have examined the uptake of cycloleucine, AIB, and
2-deoxy-D-glucose by T. pyriformis. Fig. 21-23 show the uptake
of these precursors by normal log phase cells and the effect of
primaquine on this process. Cycloleucine was taken up to a
greater extent (> 1000 CPM at 120 min.) than either AIB (< 400
CPM at 120 min.) or 2-d~oxy-D-glucose (> 400 CPM at 150 min.).
Primaquine at 5.4 x 10- M showed an initial stimulatory effect
for the first 30 min. followed by inhibition of uptake of all
three compounds. To further examine this initial stimulatory
effect, cells were incubated with primaquine for 30 min. followed
by the addition of 14C-cycloleucine. Fig. 24 shows that
pre-incubation with primaquine produced continuous inhibition
throughout the incubation period.

4. Discussion: Primaquine was shown to stimulate the uptake of
all precursors studied, for the first 30 min. of incubation if
the drug and precursor were added at the same time. After 30
min., the uptake of each precursor was completely inhibited.
Similar results were observed for the effects of primaquine on
the uptake of nucleic acid precursors (Part I). Preincubation
with the drug for 30 min. before addition of the precursor
(cycloleucine) abolished the stimulating effect, and only
inhibition of uptake was observed. A possible explanation of
these results is that primaquine initially (e.g. for 30 min)
increased the permeability of the cell membrane to the
precursor, and they enter more rapidly by simple diffusion.
However, once the intracellular concentration is equal to the
extracellular concentration of precursor, further uptake of
the precursor (e.g. by active transport) is inhibited by prima-
quine.

VIII. Differentiation of DNA and RNA on filter paper discs:

A. Introduction: In our investigations of DNA and RNA syntheses in
T. Pyriforms, we have found it necessary to develop a simple
procedure for differentiating between these two nucleic acids.
Two factors made it necessary for the development of this
procedure. First, procedures requiring long incubation with
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specific precursors for DNA (e.g. thymidine) or RNA (e.g. uridine)
have shown that the precursors can be metabolized to forms which
are incorporated into both nucleic acids. Secondly, some
precursors (e.g. orotic acid or other free purine or pyrimidine
bases) are normally incorporated into both DNA and PNA even with
short incubation procedures. We have, therefore, developed a
procedure for differentiating between DNA and RNA using a
modification of the filter paper disc procedure for assay of
nucleic acid synthesis (11).

B. Summary of the procedure: Cells which have been incubated in
the presence of a 14C-labeled nucleic acid precursor are placed,
in 0.1 ml aliquots, on 2.3 cm Whatman 3M1 filter paper discs.
The discs are placed, while still wet, into cold 5% trichloroacetic
acid (TCA). The discs are tl',n washed by the standard filter
paper disc procedure of Byfield and Scherbaum (11). This procedure
consists of 3 successive washes for 15 min. each in cold 5% TCA,
followed by 2 washes for 5 min. each in a cold ethanol-ether
mixture (1:1), followed by 2 washes for 5 min. each in cold ether.
The discs are dried in air, and the total radioactivity incorporated
into nucleic acids determined by liquid scintillation spectrometry.
The discs are subsequently removed from the vials, rinsed 3 times
in acetone to remove the scintillation fluor and dried. The discs
are then impaled on stainless steel pins, and to each is added 0.2
ml of 0.5 N NaOH. The discs are placed in a humidity chamber at
370C for 90 min, after which they are processed by the washing
procedure as before. This procedure quantitatively removes the RNA.
The discs are recounted by liquid scintillation spectrometry to
determine the amount of RNA in the sample (the radioactivity
removed by NaOH hydrolysis plus a correction factor - see below),
after which the discs are removed from the vials, washed in acetone
and dried. The discs are treated with 5% TCA for 30 min. at 900C,
followed by the washing procedure as before. This process
quantitatively removed the DNA which remained on the discs. The
discs are recounted to determine the amount of DNA in the sample
(the radioactivity removed by the hot 5% TCA hydrolysis plus a
correction factor - see below). Remaining radioactivity is assumed
to be unidentified compounds.

C. Supporting data: For experiments to characterize the hydrolysis
procedure, we utilized DNA and RNA which were prepared by 2 different
methods. The first method was by pulse labeling cells with
specific precursors for the nucleic acids. T. pyriformis were
grown to a population of 200,000/ml in proteose-peptone-liver
extract medium, washed with Ryley's buffer, and resuspended in
this buffer to the original population. To one aliquot of the
cell suspension was added 14C-thymidine (2.5 PCi/ml) to specifically
label DNA. After a 10 min. incubation, 0.1 ml aliquots were placed
on 2.3 cm filter paper discs and the discs placed in cold 5% TCA.
Another aliquot of the cell suspension was incubated with 14C-
uridine (2.5 pCi/ml) in a similar manner to label the RNA.
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The second procedure for preparing the nucleic acids was by
labeling culture of cells with either 14C-thymidine or
1 4C-uridine, followed by isolation of DNA and RNA from the cells.
T. pyriformis were grown to a population of 150,000/ml in 1000 ml
of proteose-peptone-liver extract medium. Twenty-five pCi of
14C-thymidine was added and the cells were incubated for 3 hr.
A similar incubation was done with 25 pCi of 14C-uridine. The
cells were collected after the incubation period by centrifugation,
and DNA and RNA were isolated by the procedure of Rudin and
Albertsson (29). This isolation procedure is based on the
partition of the macromolecules in a polymer two-phase system of
polyethylene glycol and dextran. Filter paper discs were then
prepared using either 0.1 ml aliquots of the solution of isolated
DNA, or 0.1 ml aliquots of the solution of isolated RNA. The
discs prepared by this procedure were then washed by the standard
filter paper disc washing procedure, dried, and counted by liquid
scintillation spectrometry. After counting, the discs were washed
with acetone and dried in preparation for the NaOH hydrolysis
procedure.

Figure 25 illustrates the time course for hydrolysis of RNA
prepared by the pulse label procedure, and Figure 26 illustrates
the results with isolated RNA. The discs, after being impaled
on stainless steel pins, were incubated in a humidity chamber
at 370C with 0.2 ml of NaOH at concentrations of 0.25 N, 0.5 N,
or 1.0 N. After incubation for the times indicated, discs (in
duplicate) were removed from the humidity chamber and placed in
cold 5% TCA. At the completion of the 2-1/2 hr. hydrolysis
experiments, all discs were washed simultaneously by the standard
washing procedure, dried, and counted by liquid scintillation
spectrometry. The hydrolysis curves were similar for the RNA
prepared by both procedures. At 0.25 N NaOH, maximum hydrolysis
was achieved at 90 to 120 in., with 0.5 N NaOH the maximumhydro-
lysis was observed at 60 to 90 min., and with 1.0 N NaOH, the
maximum hydrolysis was at 30 to 60 min. Hydrolysis with 0.5 N NaOH
for 90 min. was selected since this concentration produces considerably
less destruction of the filter paper discs as compared with 1.0 N
and hydrolyzes the RNA in a shorter time period than 0.25 N.

Both sets of discs prepared with DNA were treated with 0.5 N NaOH
for 90 min. to determine the percentage loss of DNA. This is
necessary since the analysis for DNA is done subsequently to the
RNA hydrolysis procedure when analyzing cells possessing both
labeled DNA and labeled RNA. This procedure revealed a 9.1% loss
of DNA prepared by the pulse-label method, and 11.9% loss of the
isolated DNA. Therefore, a correction consisting of 10.5% of the
total DNA radioactivity (as determined by hot TCA hydrolysis) must
be subtracted from the total radioactivity lost by 0.5 N NaOH
hydrolysis in order to obtain the true value for RNA radioactivity.

Following the NaOH hydrolysis procedure, the DNA discs were removed
from the scintillation vials, washed in acetone, and dried. The
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discs were then treated with 5% TCA at 90°C for 15, 30 and 45 min.
The results are shown in Table 32. Within 30 min., 96% of the
pulse-labeled DNA and 99% of the isolated DNA had been hydrolyzed.
Therefore, the true value for DNA radioactivity is obtained by
multiplying the radioactivity hydrolyzed by hot TCA by 1.15 (to
account for that lost during NaOH hydrolysis, and that portion of
DNA not hydrolyzed by hot TCA).

IX. The development and characterization of a primaquine-resistant strain
of T. pyriformis:

A. Introduction: Elucidation of the biochemical/physiological
changes which occur with the derelopment of resistance to
primaquune can be investigated by comparative studies with our
primaquine-resistant and normal strains of T. pyriformis.

B. Methods and Results: The primaquine-resistant strain of T.
pyriformis has been developed by exposing the organism to
successively higher concentrations of the drug. Originally,
the organism in standard growth medium (2% proteose-peptone-
0.1% liver extract) was incubated with 60 ig/ml of the drug
(half the lethal dose). After 4 transfers of the organism in
this growth medium at 3 day intervals, the drug concentration
was increased by 60 pg/ml. This procedure of increasing the
drug concentration every fourth transfer was continued until a
level of 2 mg/ml (4 x 10-3M) was obtained. This is approximately
20 times the lethal dose to normal cells. Subsequently the
primaquine-resistant strain has been maintained by serial transfers
at 3-4 day intervals into fresh medium containing this drug
concentration.

Figure 27 illustrates the growth curve for the primaquine-
resistant strain of T. pyriformis. The growth of the strain is
characterized by a generation time of 7; hours, and a maximum
stationary population of 64,000 cells/ml. These values compare
to a generation time of 2 hours and a maximum stationary
population of 1.5 million cells/ml for normal cells.

X. Evaluation of the physiological differences between normal and primaquine
resistant strains of T. pyriformis:

A. Materials and Methods:

1. Growth and maintenance of primaquine-resistant strain: The
organisms were maintained in upright cotton-stoppered test
tubes by transfer at 3 day intervals into fresh PPL medium
containing 2 mg/ml primaquine. For experimental purposes,
the organisms were grown in this medium in 500 ml Erlenmeyer
flasks containing 100 ml of medium or in 2,250 ml Fernbach
culture flasks containing 1000 ml of medium. Harvesting
and washing of the cells were done as for the normal strain.
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2. Evaluation of respiration of the primaquine-resistant strain:
The respiratory rate of the resistant cells were compared to
that of normal cells by the use of a Yellow Springs Instrument
Co., Model 53, Biological Oxygen Monitor. Two reaction cells
were used, one containing 2.0 ml of the normal cells and the
other containing 2.0 ml of the resistant cells. The cells were
suspended in Ryley's buffer at approximately 40,000 cells/mi.
The air-saturated suspensions were allowed to equilibrate to
290C, and the respiration was followed for approximately 20 min.
The oxygen consumption for both strains were determined in the
presence and absence of primaquine.

B. Results: Our initial results on respiratory rate indicate that
primaquune resistant cells utilize oxygen at a much slower rate
than normal cells. This, however, may be due to the slower growth
rate of the resistant cells (generation time 7 hrs. as compared
to 2 hrs. for normal cells). Preliminary results indicate that the
resistant cells gradually regain their normal respiratory rate
when placed in primaquine-free growth medium.
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Figure 1. The effects of primaquine and nalidixic acid on
incorporation of 14C-thymidine. The drugs and radio-
active precursor were added at EHT and 0.1 ml samples
were removed at 0, 20P 40, 60, and 80 min. and processed
by the filter paper disc procedure to determine incor-
poration. The cell population was l00O000/ml.
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Figure 3. The effects oj primaquine and cycloheximlde on incor-
poration of 1'-amino acids. The conditions are as
described in Figure 1, except the cell population was
1.30 ,OQOal.
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Figure 4. The effects of primaquine on uptake of 14C-thymidine
by cells in which DNA synthesis is blocked by nalidixic
acid. At EHT, nalidixic acid (final concentration, 8.5
X 10-4 M) was added and the cells were incubated for
20 min. before adding primaquine and the radioactive
precursor. To determine uptake, samples were removed
at 20, 30, 40, 50, 65, and 80 min. after EHT (time
zero -EHT plus 20 mi.), the cells sedimerited, and the
radioactivity of 0.1 ml samples of the supernatants
determined after being placed on filter paper discs and
dried. The cell population was 105,000/nd.
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Figure 5. The effects of primaquine on uptake of 14C-uridine
by cells in which RNA synthesis is blocked by actino-
mycin D. At EHT, actinomycin D (final concentration,
4.0 X 10- M) vas added and the cells were incubated
for 20 min. before adding the drug and radioactive
precursor. Other conditions are as described in Figure
4, except the cell population was 106,OO0j'al.
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Figure 6. The effects of primaquine on uptake of 1 4C-aino acids
by cells in which protein synthesis is blocked by cyclo-
heximide. At EUT, cycloheximide (final concentration,
5.0 X 10-6 M) was added and the cells were incubated for
20 min. before adding the drug and radioactive precursor.
Other conditions are as described in Figure 4, except the
cell population was 193,000/ml.
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Figure 8. Sephadex G-lO0 elution pattern of DNA and RNA polymerases.

The 105,000 X g supernatan~t from lysed nuclei was
chromatographed on iT column of Sephadex G-l00, 2 X 35 cm, which
was equilibrated with TMG buffer. The enzyme was eluted in
fractions of 3.0 ml with TZG buffer and 100 iii aliquots were
assays for DNA and RXA polymerase activity as described in the
text. Activity is defined as counts per minute incorporated
in the 60 mai assay.
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Figure 9. Time course of the DNA and RNA polymerase reactions by
solubilized 2olymerases.

Assay conditions are described in the text, with
samples being assayed at the indicated times.
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Figure 10. Dose-response for inhibition of DNA and RUNA syntheses with
solubilized poly7zerases by primaguine.

Assay conditions are as described in tie text with
primaquine being added to the complete reaction mixtures
for DNA and RNA syntheses by the solubilized. polymerases.
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Figure 11. Time course for lipid synthesis by the crude homogenate. The

reaction mixture is as described in Materials and Methods, with
samples being assayed at the indicated times by the filter
paper disc procedure for lipid synthesis.
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Figure 12. Time course for lipid synthesis by the mitochondrial fraction.
The reaction mixture is as described in Naterials and Methods,
with samples being assayed at the indicated times by the filter
paper disc procedure for lipid synthesis.
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Figure 13. Protein concentration for lipid synthesis in the mitochondrial
fraction. The reaction mixture is as described in Materials
and Methods. Samples were taken at 0 and 30 min and assayed
by the filter paper disc procedure for lipid synthesis.
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Figure 14. Time course for lipid synthesis by the microsomal fraction. The
reaction mixture is as described in Materials and Methods, with
samples being assayed at the indicated times by the filter paper
disc procedure for lipid synthesis.
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Figure 15. Protein concentration for lipid synthesis in the microsomal fraction.
The reaction mixture is as described in Materials and Methods.
Samples were removed at 0 and 30 min and assayed by the filter paper
disc procedure for lipid synthesis.
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Figure 16. Time course for lipid synthesis by the soluble cell fraction. The
reaction mixture is as described in Naterials and Methods with samples
being assayed at the indicated times by the filter paper disc
procedure for lipid synthesis.
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Figure 17.. Protein concentration for lipid synthesis in the soluble cell
fraction. The reaction mixture is as described in Materials
and Methods. Samples were taken at 0 and 30 min and assayed
by the filter paper disc procedure for lipid synthesis.



T 43

0-6 CONTROL

~ PRIMAAQU1NE,2.7 XO-4 M

U-. CYCLOHEXJMIDE25.O X I0-6 m

6

0

X

10 20 30
TIME (MIN)

Figure .1.Bindin& of 14C-amino acids to cell ghosts.

Cells were incubated with a 14C-amino acid mixture and samples
were remioved at the indicated times for preparation of cell ghosts
as described in the text. The CPH represent the amount of amino
acids associated with the isolated ghosts.
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Figure 20. Release of 14C-amnino acids from intracellular pools in the
presence and absence of primaguine.

14Intracellular amino acid pools, were labeled with a
C-amino, acid mixcture in the presende of cyclohneximide.

The cells were washed and resuspended in fresh medium
containing cycloheximide. The appearance of the labeled
amino acids in the supernatant represents loss from the
intracellular pool.
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Figure 21. The effects of primaquine on uptake of 14C-cycloleucine. Primaquine
and the radioactive precursor were added at 0 min and samples were
removed at 30, 60, 90 and 120 min, the cells were sedimented and
the radioactivity of 0.1 ml samples of the supernatants was
determined after being placed on filter paper discs and dried.
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Figure 22. The effects of primaquine on uptake of 14C-alpha-aminoisobutyric
acid. The conditions are as described in legend to figure B.
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Figure 23. The effect of primaquine on uptake of 14C-2-deoxy-D-glucose.
The conditions are as described in legend to figure 8.
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Figure 24. The effect of primaquine on uptake of4 C-cycloleucine following
30 min preincubation with the drug. The conditions are as
described in legend to figure 8 except that samples were taken
at 30, 60, 90, 120 and 150 min.
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Figure *25. T~ime course of R~k(Drepared by pulse-label) hydrolysis by
A different concentrations of NaOH

Cells were pulse labeled for 10 min with 14C-uridine,
aliquots of 0.1 ml placed on filter paper discs, and the discs
processed by the filter paper disc washipg procedure. The
discs were impal.ed on pins and placed in i huraidity chamber,
each disc with 0.2 ml of NaOII at the indicated concentration.
Discs were removed at the indicated times and processed by
the filter paper disc washing procedure.
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Figuire 26. Time course of TNA (isolated from labeled cells) hydrolysis
by different concentrations of NaOH.

Cells were grown in the presence of 14C-uridine f or
3 hours, f ollowe by extraction of the RNAlby partition in
a two phase poly-mer system of polyethylene glycol and
dextran. Hydrolysis procedures are as described in
Figure 7.
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Figure 22. Grc .-th curve fcr the primaguine-resistant strain of Tetrahymena
pyriformis.

Cells from a stock culture of primaquine-resistant T.
pyrifor--is w'ere inoculated into 100 ml of 2% proteose-peptone- 0.1%
liver extract iedium containing 2 mg/ml primaquine. Samples were
withdrawn, fixed in Ryley's buffer containing 2.5% formalin, and
counted.
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TABLE 1

Inhibition of synchronized cell division
by primaquinea

Primaquine
Concentration % Inhibition
(moles/liter)

1.8 X 10 47

2.7 X 10 - 4  89

5.4 X 10- 4  100

aThe drug was added at EHT and cell counts were done at

0, 80, and 120 min. The percent inhibition of synchronized
cell division is that which was observed at EHT plus 120
min. The initial cell population was 23,500/ml. Each
value is the mean of 2 determinations.

TABLE 2

The effects of primaquine and nalidixic acid on
uptake and incorporation of 14C-thymidinea

Concentration Z Inhibition (mean ± S.E.)
Addition (moles/liter) Uptake Incorporation

Primaquine 2.7 X 10-4  61.6 ± 0.8 67.9 ± 2.6

Nalidixic acid 8.5 X 10-4  33.2 ± 2.1 51.7 ± 4.2

aThe drugs and radioactive precursor were added at EHT and 0.1 ml
samples were removed at 0 and 80 min. and processed by the filter
paper disc procedure to determine incorporation. The percent in-
hibition of uptake was determined at 80 min. after ERT by sedi-
menting the cells and counting the radioactivity of 0.1 ml aliquots
of the supernatants which had been placed on filter paper discs and
dried. The cell population was 100,000/ml. Each value is from 4
determinations.
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TABLE 3

The effects of primaquine and actinoniycin D on uptake
H and incorporation of l4C-uridinea

Concentration % Inhibition (mean ±SE.-)
Aditon (moles/liter) Uptake Incorporation

-4Primaquine 2.7 X 10 82.5 ± 0.8 87.5 ± 0.4

Actinomycin D 4.0 X 10 -5 42.6 ± 0.7 85.4 ± 0.7

a The conditions are as described for Table 2.

TABLE 4

The effects of primaquine and cycloheximide on uptake
and incorporation of 1 4C-amino acidsa

Addiion Concentration % Inhibition (mean ± S.E.)
Adiin (zaoles/liter) Uptake Incorporation

Primaquine 2.7 X 10 - 57.8 ± 1.6 57.7 ± 4 .4b

Cycloheximide 5.0 X 10-6 48.9 ± 0.9 95.5 ± 0.7

8The conditions are as described for Table 2.

Pfor uptake versus incorporation >0.05.
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TABLE 5I
Uptake and incorporation of precursors

after 20 min. incubation with nalidixic acid
actinomycin D, or cycloheximidea

Addition Precursor U cplm/0.1 ml
Uptake Incorporation

Nalidixic Acid 14C-Thymidune 1570 140

14Actinomycin D C-Uridine 1940 186

Cycloheximide 14C-Amino Acids 4055 231

aThe drugs were added at EHT and the cells were incubated for 20

min. before adding the appropriate radioactive precursors. The
cultures were incubated for an additional 60 min. Incorporation
was determined as described in Figure 1, and uptake was determined
as described in Figure 4. The cell populations and drug concen-
trations are as described in Figures 4, 5, and 6 for nalidixic
acid, actinomycun D, and cycloheximide respectively.

TABLE 6

The effects of supernatant and nicotinamide on transfer
RNA methylase activity of Tetrahymena pyriformisa

Addition Concentration Specific Activity
b

None 340

5.0 X 10- 3 N 340

Nicotunamide 1.0 X 10- 2 M 345

2.5 X 10 - 2 M 330

0.6 mg/mlc 314

Supernatant 1.2 mg/mlc 276

1.8 mg/mlc 270

aThe enzymes were prepared from cells in exponential growth phase.

bPicomoles 14C-methyl transferred/hr/mg protein. Each value is
the average of 3 determinations.

cSupernatant protein in mg/ml reaction mixture.
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TABLE 7

Requirements for DNA Synthesis in Isolated Nuclei

Counts/mn. /10 6 Relative
IncubationMixture nuclei Incorporation

Standard 702 100

Minus ATP 250 36

Minus dAT? 428 61

Minus dG;TP 260 37

Minus dCTP 253 36

Minus dATP, dGTP, and dCTP 102 15

Minus ATP, dATP, dGTP, and dCTP 35 5

Minus EDTA 477 68

Minus KC1i 568 81

Plus Dl~ase 1, 0.1 'mg/mi 180 27

Plus DWase 1, 0.1 mg/ala 56 8

Plus RNase A, 0.1 mg/mi 912 130

Plus RI~ase A, 0.1 mg/mi8a 540 78

a The nuclei were preincubated with the enzyme for 10 *in, prior to
addition to the reaction mixture.
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TABLE 8

Requirements for RNA Synthesis in Isolated Nuclei

Incubation M~ixture Cousli Incrpraio

Standard 12,690 100

Minus ATP 252 1

Minus GTP 2,360 19

Minus CTP 2,090 16

Minus ATP, GTP,.and CTP 50 0

Minus NaCi and KC1 4,115 32

Plus Actinomycin D, 1.6 X 10- M 2,380 19

Plus Actinomycin D, 1.6 X 106 H 3,335 26

Plius DWase I. 0.1 mg/mi 2,740 22

Plus DNase I, 0.1 mg/mia 0 0

Plus RNase A, 0.1 mg/mi 0 0

Plus RNase A, 0.1 mg/nl a 0 0

aThe nuclei were preincubated with the enzyme for 10 min, prior to
addition to the reaction mixture.
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TABLE 9

The Effects of Pritnaquine on DNA Synthesis
in Isolated Nuclei

Concentration Counts/min./106

Addition (moles/liter) nuclei Z Inhibition

None 748

2.7 X 10-4 612 18

Primaquine 5.4 X 10 ~ 556 26
2.7 X 10 - 74 90

TABLE 10

The Effects of Primaquine on RNA Synthesis
in Isolated Nuclei

Concentration Counts/min./iiO6

Addition (moles/liter) nuclei Z Inhibition

None 12,690

2.7 X 10 ~ 11,800 7

Primaquine 5.4 X 10- 10,910 1
2.7 X 10 - 6,21551II
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TABLE I1

Requirements for the DIA polymerase reaction
by the enzyme solubilized from nuclei

One hundred ul of the pooled fractions from the Sephadex
G-100 column (fractions 15-18 of Figure 1) were used in each
reaction mixture. The complete reaction mixture is that
described in the text for DNA synthesis by the solubilized
enz me. Each value is the mean of 2 determinations.

Reaction 1fixture cpm/ug protein Relativei iIncorporation

Complete 644 100"

Minus ATP 612 95

Xinus dATP 386 60

Minus dCTP 245 38

Minus dGTP 335 52

Minus ATP, dATP, dCTP, dGTP 116 18

Minus KCI 193 30

Xinus native DNA 13 2

Minus native DNA, plus heat- 270 42
denatured DNA (50 jig)

iam

I
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TABLE 1.2

Requirements f or the 1UNA palymerase reaction
by the enzyme solubilized, from nuclei

One hundred pi1 of the~pooled fractions from the Sephadex
G-100 coltim'n (fractions 15-18 of Figure 1) were used in each
reaction mixture. The complete reaction mixture is that
described in the text for RUA synthesis by the solubilized
enzymie. Each value is the mean of 2 determinations.

Relative
Reactioh mixture epm/Ipg protein Incorporation

Conpiete 1200 100

Minus AT? 24 2

Minus CT? 480 40

Minus GTP 384 32

Minus AT?, CTP, G'EP 3 0

M!inus Mn~ 817 68

'Minus native DNA 7 =0

:4inus native DNA, plus heat- 889 74

denatured DNA( 50 jig)

Plus actinomycin D, 16 p.M 468 39

Plus actinomycin Dp 1.6 LaM 912 76
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TABLE 13

The effects of primaquine on DNA and RANA syntheses by the solubilized
DNA ana RNA polymerases from nuclei

Assay conditions are as described in the text with pritiaquine
being added to the complete reaction mixtures f or DNA and PUNA
syntheses by the solubilized. polymerases. Each value is the
mean of 2 determinations.

PriaquneDNA synthesis RNA synthesis
Concentration cpmhig %cpm/p~g%

(MM) protein inhibition protein inhibition

600 1192

0.27 624 0 931 22

0.54 695 0 895 25
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TABLE 14

REQUIREMENTS FOR ACETATE INCORPORATION INTO LIPIDS
IN THE CRUDE HOMOGENATE

Incorporation Relative Incorporation
Incubation Mixture (CPM/IO0 vg protein) (%)

Complete 4620 100

Minus ATP 43 1

Minus CoA 2570 56

Minus NADH 1780 39

NADPH 2.5 mM 4080 88

NADPH 10.0 mM 3810 83

Minus Mg++  3060 65

Minus EDTA 4580 99

The complete incubation mixture contained 0.1 M phosphate buffer (pH 7.2),
0.25 M sucrose, 5 mM mercaptoethanol, 0.5 mM EDTA, 2.5 mM MgC1 2, 5 mM
ATP, 2.5 m NADH, 0.75 mM CoA, 0.5 pCi sodium acetate and 750 vg protein
in a total volume of 0.5 ml. Samples were incubated at 290C and 0.1 ml
aliquots in duplicates were removed at 0 and 60 min, and acetate
incorporation into lipids were determined by the filter paper disc
procedure.



63

TABLE 15

EFFECT OF PRIMAQUINE ON ACETATE
INCORPORATION INTO LIPIDS IN THE CRUDE HOMOGENATE

Concentration Incorporation Inhibition

Drug (moles/liter) (CPM/lO0 pg protein) (M)

Control 4635

1.1 x 10-4  4045 12.7
2.7 x 10-4  3918 15.5

Primaquine 5.4 x 10-4  3500 24.5
1.1 x 10-3  3105 33.0

The complete incubation mixture as described in Table 14was used and
primaquine was added at the indicated concentrations. Incubation was
at 290C for 60 min and acetate incorporation was determined by the
filter paper disc procedure.

il~REM ........
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TABLE 16

EFFECTS OF PRIMAQUINE ON ACETATE INCORPORATION INTO INDIVIDUAL
CLASSES OF LIPIDS IN THE CRUDE HOMOGENATE

Incorporation
(CPM/100 pg protein)

Lipid Class Control Primaquige
(5.4 x 10- 14)

Triglycerides 150 65 (57)

Free Fatty Acid 983 57 (42)

Tetrahymenol 333 230 (31)

Total neutral lipids 1465 865 (41)

Phospholipids 2525 2125 (16)

Data were obtained by scraping iodine stained spots from TLC plates
and counting radioactivity by scintillation spectrometry. The
solvent system was chloroform.: acetic acid : methanol : water
(75:25:5:2.2 v/v).

*The percent inhibition is in parenthesis followingeach value.

: m | ... . . .... " I .. .. ": '" .......... .. .. ... .... 11 . . ... .. m . . . .. .. . . . . .. [4 -.. . . -.. ..
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TABLE 17

EFFECTS OF PRIMAQUINE ON ACETATE INCORPORATION INTO INDIVIDUAL
CLASSES OF PHOSPHOLIPIDS IN THE CRUDE HOMOGENATE

Incorporation*

(CPMIO0 pg protein)
Primaquine

Lipid Class Control (5.4 x 10-4 M)

Cardiolipin 2223 1810 (18)

2-aminophosphonolipids 113 103 (9)

Ethanolamine Phosphatides 243 175 (28)

Choline Phosphatides 130 83 (37)

Total phospholipids 2700 2170 (20)

Total neutral lipids 1445 930 (36)

Unidentified Products 40 45

Data were obtained from scraping iodine stained spots from TLC plates
and counting radioactivity by scintillation spectrometry. The
solvent system was petroleum ether : diethyl ether : acetic acid
(70:30:1 v/v).

*The percent inhibition is in parentheses following each value.
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TABLE-18

RELATIVE ACTIVITY OF ENZY'ME MARKERS TO ACCESS
THE PURITY OF THE MITOCHONDRIAL PREPARATION

Relative Activity()

Succinic Acid Isocitrate
Fraction Description Dehydrogenase Phosphatase Dehydrogenase

I Pellet after first 100 100 100
7000 x.& centrifugation

II Supernatant after 42 11. 26
second 1000 x&
centrifugation

III Pellet after second 38 9 7
7000 x _
cenitrifugation

IV Final pellet (after 36 5 3
third 7000 xR
centrifugation)
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TABLE 19

REQUIREMENTS FOR ACETATE INCORPORATION INTO
LIPIDS IN THE MITOCHONDRIAL FRACTION

Incorporation Relative Incorporation

Incubation Mixture (CPM/100 pg protein) (%)

Complete 6350 100

Minus ATP 180 3

Minus CoA 230 4

Minus NADH 2210 35

Minus NADPH 5080 89

Minus Mg+ + 560 9

Mn++ 2.5 mM 5410 85

Mn++ 5.0 mM 4250 67

Minus EDTA 5960 94

The complete incubation mixture is as described in Material and Methods.
Samples were incubated at 290C and 0.1 ml aliquots in duplicate were
removed at 0 and 30 min, and acetate incorporation into lipids was
determined by the filter paper disc procedure.
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TABLE 20

EFFECT OF PRIMAQUINE ON ACETATE INCORPORATION INTO
LIPIDS IN THE MITOCHONDRIAL FRACTION

Concentration Incorporation Inhibition

(moles/liter) (CPM/100 yg protein) (M)

Control - 6470 -

1.1 x 10 - 4  6180 4.5
2.7 x 10- 4  5970 6.7
5.4 x 10- 4  4390 32.1
1.1 x 10-3 2880 55.5

The complete incubation mixture is as described in Materials and Methods and
primaquine was added at the indicated concentrations. Incubation was at 290C
for 30 min and acetate incorporation into lipids was determined by the filter
paper disc procedure.



RI

TABLE 21

EFFECT OF PRIMAQUINE ON ACETATE INCORPORATION INTO
INDIVIDUAL CLASSES OF LIPIDS IN THE MITOCHONDRIAL FRACTION

Incorporation*
(CPM/lO0 g protein)

Lipid Class Control Primaquine~(5.4 x 10- 4 14)

Triglycerides 24 26 (0)

Free Fatty Acids 156 116 (26)

Tetrahymenol 1260 678 (46)

Total Neutral Lipids 1440 820 (43)

Phospholipids 3839 2510 (35)

Total Lipids 5279 3329 (37)

The separation and identification of the various classes of lipids are

as described in the legend to Table 16.

*The percent inhibition is in parentheses following each value.



70

TABLE 22

EFFECT OF PRIMAQUINE ON INCORPORATION OF ACETATE INTO
INDIVIDUAL CLASSES OF PHOSPHOLIPIDS IN THE MITOCHONDRIAL FRACTION

Incorporation*

(CPM/lOO pg protein)

Lipids Control Primaquine(5.4 x 10-4 M)

Cardiolipin 480 292 (39)

2-aminophosphonolipids 524 449 (14)

Ethanolamine Phosphatides 3152 2054 (35)

Choline Phosphatides 132 92 (30)

Total Phospholipids 4288 2889 (33)

Total Neutral Lipids 1200 665 (45)

Unidentified Products 132 18 (-)

Total Lipids 5620 3575 (36)

The separation and identification of the various classes of lipids are
as described in the legend to Table 17.

*The percent inhibition is in parentheses following each value.

-4



V... -71

TABLE 23

SUCCINIC DEHYDROGENASE ACTIVITY IN THE HICROSOMAL
PREPARATION TO IDENTIFY CONTAMINATION WI1TH MITOCHONDRIA

Fraction Description Relative Activity of Succinic Dehydrogeiase

I Supernatant before 100
1000 x I centrifugation

II Supernatant after 48
1000 x I centrifugation

III Supernatant after 3
10,000 x&

IV Pellet after 105,000 x& 2
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TABLE 24

REQUIREMENT FOR INCORPORATION OF ACETATE INTO LIPIDS
IN THE MICROSOMAL FRACTION

Incorporation Relative Incorporation

Reaction Mixture (CPM/lO0 uig protein) M%

Complete 990 100

Minus ATP 8 1

Minus CoA 8 1

Minus NADH 220 22

NADPU 0.8 9097

2.0 820 83

4.0 650 66

Minus Mg390 39

ftn 5 mM 740 75
10 MM 610 62

EDTA 0.1 mM 960 97
0.25 mM 910 92

The complete incubation mixture is as described in Materials and
Methods. Samples were incubated at 290 C and 0.1 al aliquots in
duplicates were removed at 0 and 30 min, and acetate incorporation
into lipids were determined by the filter paper disc procedure.
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TABLE 25

EFFECT OF PRIMAQUINE ON THE INCORPORATION OF ACETATE
INTO LIPIDS IN THE MICROSOMAL FRACTION

Concentration Incorporation Inhibition

(moles/liter) (CPM/100 ug protein) (Z)

Control 1000

1.1 x 10- 4  920 8
2.7 x 10- 4  710 29Primaquine 5.4 x 4 600 40
1.1 x 10- 3  480 52

The complete reaction mixture is as described in Materials and
Methods and primaquine was added at the indicated concentrations.
Incubations was at 290C for 30 min and acetate incorporation into
lipids was determined by the filter paper disc procedure.

• , .......................... ."-,. .-
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TABLE 26

EFFECT OF PRIHAQUINE ON THE INCORPORATION OF ACETATE INTO THE
CLASSES OF LIPIDS SYNTHESIZED BY THE MICROSOHAL

FRACTION

Incorporation*

(CPH/lOO pg protein)

Lipid Control Pirnaguine

(5.4 x 167-TH)

Triglycerides 38 15 (60.5)

Free Fatty Acids 435 196 (54.9)

Tetrahymenol 52 20 (61.5)

Trotal Neutral Lipids 525 231 (56.0)

Phospholipids 225 249 (0)

Total Lipids 750 480 (36)

The separation and identification of the various classes
of lipids are described In the legend to Table 16.

*The percent inhibition is in parentheses following each value.
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TABLE 27IEFFECT OF PRIMQUINE ON THE INCORPORATION OF ACETATE IWTO
THE CLASSES OF PHOSPHOLIPIDS SYNTHESIZED BY THE

MICROSOMAL FRACTION

Lipid Control Primaguipe
(5.4 x 1O H1)

Cardiolipin 8 10 (0)

2-aminophosphoriolipids 30 30 (0)

Ethanolamine Phosphatides 165 170 (0)

Choline Phosphatides 2 8 (0)

Total Phospholipids 205 218 (0)

Total Neutral Lipids 480 230 (52.0)

Unidentified 15

Total 700 448 (36)

The separation and identification of the various classes of
lipids are as described in the legend to Table 17.

*The percent inhibition is in parentheses following each value.
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ABE28

REQUIREMENTS FOR THE INCORPORATION OF ACETATE INTO LIPIDS
IN THlE SOLUBLE CELL FRACTION

Incorporation Relative Incorporation

Reaction Mixture (CPM/lOO P&g protein) (Z)

Complete 2610 100

Minus ATP 30 1

Minus CoA 70 3

Minus NADH 120 5

Minus NADPH 120 5

Minus Mg + 2480 95

Minus 'Mn4+ 1530 59

Minus EDTA 1780 68

The complete incubation mixture is as described in Materials and Methods.
Samples were incubated at 29oC and 0.1 ml aliquots in duplicate were
removed at 0 and 90 min, and acetate incorporation into lipids was
determined by the filter paper disc procedure.
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TBE29

EFFECT OF PRIHAQUINE ON THE INCORPORATION OF ACETATE
INTO LIPIDS SYNTHESIZED BY THE SOLUBLE CELL

FRACTION

Concentration Incorporation Inhibition
(moles/liter) (CPM/100 jig protein) 0Z)

Control 2620

1.1 x 10O4 2020 22.9
Prmqie2.7 x 10O4 1550 42.8
Prmqie5.4 x 10-4 980 62.5

1.1 x 10O4 390 85.2

The complete incubation mixture is as described in Material and Methods.
Incubation was at 290C for 90 min and acetate incorporation into lipids was
determined by the filter paper disc procedure.



78

TABLE 30

EFFECT OF PRIMAQUINE ON THE INCORPORATION OF ACETATE
INTO THE CLASSES OF LIPIDS SYNTHESIZED BY THE SOLUBLE

CELL FRACTION

Incorporation*

(CPM/100 ug protein)

Control Primaquine

(5.4 x I1 4 M)

Triglycerides 109 40 (63.3)

Free Fatty Acids 620 80 (87.0)

Tetrahymenol 745 300 (59.7)

Total Neutral Lipids 1474 420 (71.5)

Phospholipids 746 576 (22.8)

Total Lipids 2200 960 (56.4)

The separation and identification of the various classes
of lipids are as described in the legend to Table 16.

*The percent inhibition is in parentheses following each
value.
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TABLE 31

EFFECT OF PRIMAQUINE ON THE INCORPORATION OF ACETATE
INTO THE CLASSES OF PHOSPHOLIPIDS SYNTHESIZED BY

THE SOLUBLE CELL FRACTIONj

Incorporation*
(CPM/100 pzg protein)

Lipid Control PrIMaguine
(5.4 x 10O4 )

Cardiolipin - 4(-

2-aminophosphonolipids 240 140 (41.7)

Ethanolamine Phosphatides 321 266 (17.1)

Choline Phosphatides 172 70 (59.3)

Total Phospholipids 734 580 (21.0)

Total Neutral Lipids 1466 376 (74.4)

Unidentified 40 24 (40)

Total 2240 980 (56.2)

The separation and identification of the various classes
of lipids are as described in the legend to Table 17.

*Thc percent inhibition is in parentheses following each
value.
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TABLE 32

Hydrolysis of DNA on filter paper discs by
hot trichloroacetic acid

The filter paper discs were prepged from 0.1 ml
aliquots of cells pulse-labeled with C-thymidine (pulse-
labeled DNA) or 0.1 ml of a solution containing DNA extracted
by partition in a tuo phase polymer system from cells labeled
for 3 hourswith 14C-thymidine (Isolated DNA). The discs
were processed by the filter paper disc washing procedure,
followed by treatment with the NaOH hydrolysis procedure for
RNA. The resulting discs were then treated for the indicated
times with 5% TCA at 900C.

Time % Hydrolysis

(Min) Pulse-labeled DNA Isolated DNA

15 95 99

30 96 99

45 96 99



* 81

References

1. Goss, W.A., Deitz, W.H. and Cook, T.M.: Mechanism of action of
nalidixic acid on Escherichia coli. J. Bact. 88: 1112-1118, 1964.

2. Kahan, E., Kahan, F.M. and.Hurwitz, J.: The role of deoxyribonucleic
acid in ribonucleic acid synthesis. IV. Specificity of action of
actinomycin D. J. Biol. Chem. 238: 2491-2497, 1963.

3. Ennis, H.L. and Lubin, M.: Cycloheximide: Aspects of inhibition of
protein synthesis in mammalian cells. Science 146: 1474-1476, 1964.

4. Conklin, K.A. and Chou, S.C.: Protein synthesis in a cell-free
preparation from Tetrahymena pyriformis GL. Comp. Biochem. Physiol.
40: 855-862, 1971.

5. Peterkofsky, A., Litwack, M., and Marmor, J.: Modified bases and
transfer RNA function. J. Cancer Res. 31: 675-678, 1971.

6. Sharma, O.K., Kerr, S.J., Lipshitz-Wiesner, R., Borek, E.: Regulation
of tRNA methylases. Fed. Proc. 30: 167-176, 1971.

7. Halpern, R.M., Chaney, S.Q., Halpern, B.C., and Smith, R.A.:
Nicotinamide: A natural inhibitor of tRNA methylase. Biochem.
Biophys. Res. Commun. 42: 602-607, 1971.

8. Lee, Y.C. and Scherbaum, O.H.: Isolation of macronuclei from the
ciliate Tetrahymena pyriformis GL. Nature 208: 1350-1351,
1965.

9. Lee, Y.C. and Scherbaum, O.H.: Characterization of in vitro ribonu-
cleic acid synthesis by macronuclei of Tetrahymena pyriformis.
Biochemistry 9: 3947-3959, 1970.

10. Lowry, H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.: Protein
measurement with the folin phenol reagent. J. Biol. Chem. 193: 265-275,
1951.

11. Byfield, J.E. and Scherbaum, O.H.: A rapid radio-assay technique
for cellular suspension. Anal. Biochim. 17: 434-443, 1966.

12. Pearlman, R. and Westergaard, 0.: DNA polymerase activity from
exponentially multiplying and division-synchronized Tetrahymena.
C. R. Tray. Lab., Carlsberg. 37: 77-86, 1969.

13. Kurtz, S. and Pearlman, R.E.: DNA-dependent RNA polymerase from
Tetrahymena py formis. Canad. J. Biochem. 50: 154-157.

14. Conklin, K.A., Chou, S.C., Ramanathan, S. and Heu, P.: Actinomycin
D: Effect on macromolecular synthesis in synchronized Tetrahymena
pyriformis. Pharmacology A: 91-101, 1970.



82

15. Morris, C.R., Andrew, L.U., Whichard, L.P. and Holbrook, D.J.:
The binding of antimalarial aminoquinolines to nucleic acids and
polynucleotides. Mol. Pharm. 6: 240-250, 1970.

16. Olenick, J.G. and Hahn, F.E.: Mode of action of primaquine:
preferential inhibition of protein biosynthesis in Bacillus
megaterium. Antimicrob. Agents Chemother. 1: 259-262, 1972.

17. Byfield, J.E., Henze, H. and Scherbaum, O.H.: Microassay for
in vivo lipid synthesis in cell suspension. Life Science, 6: 1099-
1105 (1967).

18. Bligh, E.G. and Dyer, W.J.: A rapid method of total lipid extraction
and purification. Can. J. Biochem. & Physiol. 37: 911-917 (1959).

19. Folch, J., Lees, M. and Sloane-Stanley, G.II.: A simple method for
the isolation and purification of total lipides from animal tissue.
J. Biol. Chem. 226: 496-509 (1957).

20. Schwab-Stey, H., Schwab, Dieter and Krebs, W.: Electron microscopic
examination of isolated mitochondria of Tetrahymena pyriformis.
J. Ultrast. Res. 37: 82-93 (1971).

21. Levy, M.R. and Wasmuth, J.J.: Effect of carbohydrate on glycolytic
and peroxisomal enzymes in Tetrahymena. Biochim et Biophys. Acta 201:
205-214 (1970).

22. Mallory, F.B., Gordan, J.H. and Connor, R.C.: The isolation of a
pentacyclic triterpenoid alcohol from a protozoan. J. Am. Chem. Soc.
85: 1363 (1963).

23. Tria, E. and Barnabei, 0.: Some biochemical aspects of amino acid
transport, in "Symposia on Biological Transport," Springer-Verlag,
New York, p. 30-35, 1965.

24. Bailey, J.M. and Woodson, M.: Some properties of phospholipid-amino
acid complexes from ascites tumor cells. Fed. Proc. 22:417, 1963.

25. Ryley, J.F.: Studies on the metabolism of protozoa 3. Metabolism of
the ciliate Tetrahymena pyriformis (Glaucoma pyriformis). Biochem. J.
52: 483-493, 1952.

26. Subbaiah, P.V. and Thompson, G.A.: Studies of membrane formation in
Tetrahymena pyriformis. The biosynthesis of proteins and their assembly
into membranes of growing cells. J. Biol. Chem. 249: 1302-1310, 1974.

27. Isselbacher, K.J.: Sugar and amino acid transport by cells in culture-
differences between normal and malignant cells. New Eng. J. Med. 286:
929-933 (1972).

28. Hatanaka, H., Angl, C. and Gilden, R.V.: Evidence for a functional
change in the plasma membrane of marine sarcoma virus-infected mouse
embryo cells; transport and transport-associated phosphorylation of
1 4C-2-deoxy-D-glucose. J. Biol. Chem. 245: 714-717 (1970).



83

29. Rudin, L. and Albertsson, P.A.: A new method for the isolation of
deoxyribonucleic acid from microorganisms. Biochim. Biophys. Acta.
134: 37-44, 1966.

The work presented in the following papers has been supported by contract
DADA-17-71C-1116.

1. Conlkin, K.A. and Chou, S.C.: The effects of antimalarial drugs on
uptake and incorporation of macromolecular precursors by Tetrahymena
pyriformis. J. Pharm. Exp. Ther. 180: 158-166, 1972.

2. Conklin, K.A. and Chou, S.C.: Studies on the mode of action of
primaquine using Tetrahynmena pyriformis. Proc. helmin. Soc. 39: 261-
264, 1972.

3. Conklin, K.A. and Chou, S.C.: Transfer RNA methylase activity of
synchronized and unsynchronized cultures of Tetrahymena pyriformis.
Int. J. Biochem. 3: 583-587, 1972.

4. Conklin, K.A., Heu, P. and Chou, S.C.: The effects of antimalarial
drugs on nucleic acid synthesis in vitro in Tetrahymena pyriformis.
Molec. Pharm. 9: 304-310, 1973.

5. Conklin, K.A., Chou, S.C., Siddiqui, W.A. and Schnell, J.V.: DNA and
RNA synthesis by intraerythrocytic stages of Plasmodium knowlesi.
J. Protozool., 20: 683-688, 1973.

6. Chou, S.C., Pan, H.Y.M., Heu, P. and Conklin, K.A.: Differentiation
of DNA and RNA on filter paper discs. Anal. Biochem., 57: 62-69, 1974.

7. Pan, H.Y.M., Chou, S.C. and Conklin, K.A.: Effects of antimalarial drugs
and clofibrate on in vitro lipid synthesis in Tetrahymena pyriformis.
Pharmacology, in press, 1974.



D 1 S 1. LYtV L ON L I ST

4 copies IIQDA (SGRD-RP)
WASH DC 20314

copies Defense Documenitation Center (DDC)
* ATTN: DI)C-ICA

Cameron Stat mul
Alexafidria, Virginia 22314

I copy Super intc'ndent
Academy of lcaltit Sciences, US Army

ATTN: AIIS-COM
Fort Sam Hlouston, rexas 783234

1copy Dean
Schootl rf 'Ledicille
Ulniformemd Serv'ices University of the
hlealth Sciences
Office of die Secretary of Defense
6917 Arlington Roa *d
Bethesda, Ifl) 20014




